We present evidence that cytoplasmic acidosis is a cause of meristematic death in hypoxic root tips of maize and pea seedlings. Usually, leakage of acid from the vacuole is responsible for cytoplasmic acidosis. Leakage of acid, which occurs earlier during hypoxia in pea root tips than in maize root tips, appears to account for the lower tolerance of peas for hypoxia. Cytoplasmic acidosis is accelerated in maize root tips that are either (i) deficient in alcohol dehydrogenase, so that lactic acid production continues throughout hypoxia, or (ii) exposed to external CO2 during hypoxia, or (iii) perfused slowly so that escape of CO2 produced during ethanolic fermentation is retarded. All three conditions decrease the length of time maize root tips can tolerate hypoxia; more rapid cytoplasmic acidosis is associated with more rapid death under hypoxia. Possible mechanisms by which cytoplasmic acidosis leads to death are suggested; the mechanism does not involve inhibition of glycolysis by low pH. It is clear that even species described as "non-flood-tolerant" (9), such as peas, can survive extended periods (days) of flooding (10). Thus, there are no truly flood-intolerant plant species; all plants survive far longer under hypoxia than does any vertebrate (11). We recently presented evidence (11) that the ability of plants to carry out a mainly ethanolic fermentation, rather than the exclusively lactic fermentation seen in higher animals, was responsible for their ability to withstand long periods of hypoxia. In contrast to lactic fermentation, ethanolic fermentation does not result in severe cytoplasmic acidosis (12). Cytoplasmic acidosis appears to be responsible for loss of viability in excised animal organs (13, 14) . However, our previous experiments (11) did not explain why plant species, all of which apparently carry out a mainly ethanolic fermentation (5, 15-17), differ in their ability to withstand hypoxia. In the study described here we quantitated the ability of excised maize and pea root tips to tolerate extreme hypoxia and measured simultaneously the intracellular pH and the rate of energy production (i.e., rate of ethanolic fermentation) during hypoxia. We present evidence that cytoplasmic acidosis, due to leakage of acid from the vacuole, is a cause of meristematic death in hypoxic root tips.
Higher plants are obligate aerobes (1) . When roots of higher plants become anoxic under conditions of excessive rainfall or poor soil drainage (2, 3) , root growth ceases (4, 5) and eventually the root cells die. Only if the root tissues receive oxygen from aerobic plant tissues via aerenchyma (6) (7) (8) can root growth and function continue. Thus, the flooding tolerance of species such as rice is not due to an ability to function in anoxia [except for the limited and somewhat feeble growth of the coleoptile (5) ]; rather it is due to an ability to avoid anoxia. Development of flood-tolerant varieties of crop species, such as peas and maize, that are at present considered flood-intolerant could conceivably involve the introduction of traits leading to the increased production of adventitious roots with well-developed air spaces (aerenchyma). There are two major arguments against such a strategy. First, the production of aerenchyma is a complex developmental process that would be a difficult trait for which to screen and select; the selection procedure would require screening over much of the crop's life. Second, one could argue that such "extreme" adaptation to a submerged habitat is unnecessary for crop plants that may experience flooding for only a few days in the entire growing season; more relevant would be less extreme adaptations permitting survival of hypoxic roots for those few days. This view leads to a consideration of the differences between plant species in their short-term tolerance of hypoxia. Such differences in sensitivity to flooding are due to biochemical, not anatomical, differences. Understanding these biochemical differences will enable biochemical markers for tolerance of transient flooding to be identified and used in crop selection.
It is clear that even species described as "non-flood-tolerant" (9) , such as peas, can survive extended periods (days) of flooding (10) . Thus, there are no truly flood-intolerant plant species; all plants survive far longer under hypoxia than does any vertebrate (11) . We recently presented evidence (11) that the ability of plants to carry out a mainly ethanolic fermentation, rather than the exclusively lactic fermentation seen in higher animals, was responsible for their ability to withstand long periods of hypoxia. In contrast to lactic fermentation, ethanolic fermentation does not result in severe cytoplasmic acidosis (12) . Cytoplasmic acidosis appears to be responsible for loss of viability in excised animal organs (13, 14) . However, our previous experiments (11) did not explain why plant species, all of which apparently carry out a mainly ethanolic fermentation (5, (15) (16) (17) , differ in their ability to withstand hypoxia. In the study described here we quantitated the ability of excised maize and pea root tips to tolerate extreme hypoxia and measured simultaneously the intracellular pH and the rate of energy production (i.e., rate of ethanolic fermentation) during hypoxia. We present evidence that cytoplasmic acidosis, due to leakage of acid from the vacuole, is a cause of meristematic death in hypoxic root tips.
MATERIALS AND METHODS
Plant Material. Experiments were carried out using 1-to 2-mm-long root tips from 2-day-old maize (hybrid Funk 4323, obtained from Germain's Seeds, Los Angeles, CA; or F3 progeny, described below) or pea (var. Alaska, from Burpee, Riverside, CA) seedlings. The F3 progeny used in the experiments shown in Fig. 1 were derived from a cross between the maize hybrid, Funk 4343, and plants homozygous for a mutation at the Adhl locus [Adhi-S5657 (18) ] that make no active alcohol dehydrogenase-1 (ADH1). Both the normal and the mutant roots contain a low level of ADH2 enzymatic activity, which we previously showed to be insufficient to sustain normal rates of ethanol production and thus permit cytoplasmic pH regulation during hypoxia (11) . The resulting F1 seeds were planted and selfed, and F2 individuals from a single segregating ear were grown and selfed. F3 ears that were homozygous Adhl-/AdhJ -and homozygous Adhl +/Adhl + were planted, selfed, and the harvested seeds were germinated and used as described above. Root tip samples were perfused as described (19 Several of these samples could be strung together with tubing. Samples were added to or removed from the string at various times as required. After the hypoxic treatment, root tips were removed from the sample holder, weighed, spread out in a Petri dish on filter paper wetted with 50 mM glucose/0.1 mM CaSO4, and placed in a humid chamber at 240C for 48 hr. The root tips were then weighed, and their growth was calculated.
RESULTS AND DISCUSSION
Reduced Tolerance of Hypoxia in a Maize That Lacks ADH1. We previously reported (11) that root tips of a maize mutant containing <1% of normal levels of ADH activity underwent cytoplasmic acidosis throughout hypoxia because of continual lactic acid production. Such behavior, which is similar to that observed in active animal tissues during hypoxia (13, 25, 26) , contrasted sharply with that of normal maize root tips, in which only a transient lactic fermentation took place and cytoplasmic pH was maintained near neutrality for several hours during hypoxia (11) . The transient lactic fermentation serves, via cytoplasmic acidification, to trigger ethanol production (11); ethanol fermentation does not result in cytoplasmic acidification, provided the CO2 produced can escape from the tissue (12). We speculated (11) that the lower tolerance of plants lacking ADH1 to hypoxia (27) was due primarily to an inability to regulate cytoplasmic pH. Two aspects of this hypothesis required further attention. First, it was not clear precisely to what degree tolerance of hypoxia was reduced in the mutant relative to the wild type. Results of only one test have been published: germination of seed after submersion for 3 days at 30'C (27) . Without more detailed information, links between specific metabolic events and death during hypoxia cannot be examined. Second, quantitation of the effect of the Adhi gene on tolerance of a tissue to hypoxia requires the use of lines not differing significantly in genetic background (e.g., degree of hybrid vigor). Homogeneity of genetic background was achieved in this study by comparing F3 progeny from a cross between a homozygous Adhl-Adhl-line and a wild-type line.
The results of a comparison between F3 progeny, either with or without ADH1 activity, are given in Fig. 1 . Root tips lacking ADH1 (containing <1% of the ADH activity of normal root tips) are unable to regulate cytoplasmic pH and make much less ethanol-as we reported previously (11) .
Moreover, the growth in air of root tips lacking ADH1 is reduced by much shorter hypoxic pretreatments than the growth of root tips containing normal levels of ADH1 (Fig.  1) . Thus, ADH1-root tips die after -12 hr of hypoxia whereas ADH1+ root tips survive -24 hr of hypoxia. Under the extreme hypoxic conditions used in these experiments, no increase in ADH activity was observed (data not shown); ADH activity increased only when some oxygen was present (cf. ref. 28 ). While these experiments emphatically assign a role to the Adhl gene in root flooding tolerance, as was previously shown for seeds (27) , they do not specifically identi- fy the critical phenomenon or phenomena that is responsible for death under hypoxia of either the ADH1-or the wildtype root tips.
At least three mechanisms by which the absence of ADH1 might reduce the viability of the ADH1-root tips under hypoxia can be identified. One is severe cytoplasmic acidosis ( Fig. 1) , resulting from prolonged lactic acid production during hypoxia (11) . A second is the low rate of glycolysis (i.e., lactic acid and ethanol production) due to a decreased capacity for ethanol fermentation and eventual inhibition of lactic fermentation by low pH (29) . Such a low rate of ATP synthesis might be insufficient to sustain maintenance processes (such as ion pumping and biosynthesis). A third potential cause of death is the buildup of intracellular acetaldehyde to toxic levels, due to a combination of low ADH levels and activation of pyruvate decarboxylase at low pH (29) . Although our results do not distinguish between these possible determinants of reduced tolerance of hypoxia in the ADH1-root tips, it is perhaps significant that the first and second of these phenomena also occur in ADH1+ root tips.
Thus, as shown in Fig. 1 , cytoplasmic acidosis eventually occurs in wild-type root tips, apparently as a result of leakage of H' from the vacuole since vacuolar pH increases as cytoplasmic pH decreases. Also, glycolytic flux (as indicated by the rate of ethanol production) decreases with time to <50% of the rates observed early in hypoxia (Fig. 1) . These observations suggest that cytoplasmic acidosis and reduced glycolytic flux are potential determinants of viability in wildtype maize root tips. However, the results in Fig. 1 suggested to us that cytoplasmic acidosis was a more probable cause of death in hypoxic ADH1+ maize root tips than was the decrease in the rate of glycolysis. Specifically, although large decreases in glycolytic flux occur during hypoxia, the decrease is negligible after -15 hr of hypoxia-the period of time that continued hypoxia is having its greatest effect on viability. Consequently, the effect of cytoplasmic acidosis 6AU30
on the viability of hypoxic maize root tips was examined. The results of these experiments, reported below, reinforce the view that the rate of glycolysis is not a determinant of meristem survival during hypoxia.
Cytoplasmic Acidification Induced by CO2 Results in Premature Death of Hypoxic Maize Root Tips Without Affecting Glycolytic Flux. Death in hypoxic maize root tips is hastened when more severe cytoplasmic acidosis is induced (Fig. 2C) . In these experiments, CO2 was used as the acidifying agent-either CO2 generated internally in the hypoxic tissue or CO2 provided externally in the perfusion medium. Regarding the first type of experiment, we have previously shown (19) that, if densely packed maize root tips are not perfused, cytoplasmic acidification continues to pH values close to 6, instead of ceasing at pH 6.8 as in perfused hypoxic root tips (11, 19) . We attributed this acidosis to CO2 produced during ethanolic fermentation, which cannot be expected to escape from the root tips under these conditions. Hence, by adjusting the rate of perfusion, the cytoplasmic CO2 concentration can be manipulated to give the desired acidic cytoplasmic pH; instead of the usual 4 ml/min, flow rates of 0.05 and 0.3 ml/min were used in the experiments whose results are shown in Fig. 2 .
As a control for the effects of the decreased flow rate, experiments were performed in which cytoplasmic acidosis was induced by externally provided C02; cytoplasmic pH was adjusted by manipulating the flow of CO2 into the nitrogen-bubbled perfusion medium. The only effect of external CO2 on the time course of ethanol production occurred immediately after the onset of hypoxia, when the usual 10-min lag in ethanol production (11) was reduced by more than onehalf (data not shown). This result supports further the idea that cytoplasmic acidification is the signal triggering ethanol production in maize root tips in vivo (11, 29 time course of ethanol production was essentially unaffected by cytoplasmic acidosis (Fig. 2) , indicating that glycolytic flux is quite insensitive to changes in pH between 6.2 and 6.8 in vivo and that glycolysis proceeds irrespective of the plight of the hypoxic, dying meristem. These results strengthen the hypothesis that maintenance of the cytoplasmic pH near neutrality is important for survival during hypoxia.
Earlier Leakage of Acid from Vacuole to Cytoplasm in Hypoxic Pea Root Tips: An Explanation for the Greater Intolerance of Peas for Flooding. When pea root tips are subjected to hypoxia, a sequence of events remarkably similar to that seen in ADH1+ (wild-type) maize root tips is observed (compare Fig. 1 to Fig. 3 ). Only two differences are particularly noticeable. First, the phenomena observed in wild-type maize root tips-particularly the leakage of acid from vacuole to cytoplasm-occurs somewhat earlier in peas (Figs. 1  and 3) . Thus, an increase in vacuolar pH is clearly seen in pea root tips during the first 5 hr of hypoxia (Fig. 3A) , whereas no such increase is seen in maize during the same period (Figs. 1A and 2A) . It is possible that the earlier leakage of acid from the vacuole in pea root tips during hypoxia could explain why peas are less tolerant of hypoxia. The second difference observed between maize and pea root tips during hypoxia was leakage of Pi, in addition to H+, from the vacuole into the cytoplasm in peas. This was indicated by the decrease in the intensity of vacuolar 31P; NMR that occurred as the cytoplasmic 31p, signal grew (data not shown). At about the time the pea root tips were determined to be dead (Fig. 3) , the total 31P NMR signal decreased, indicating leakage of phosphate from the tissue. Hence, from this point on, only viable cells were observable by NMR. Maize root tips, in contrast, show very little leakage of Pi between cytoplasm and vacuole, and loss of phosphate from the tissue occurs several hours after meristem death, after complete collapse of the cytoplasmic-vacuolar pH gradient (data not shown).
These differences between pea and maize emphasize the difficulties inherent in making species comparisons concerning a phenomenon as potentially complex as flooding intolerance. However, the species differences described above are most noticeable during the later stages of hypoxia, near death, which indicates that they are not primary causes of the difference between maize and pea in their tolerance of hypoxia. Furthermore, the metabolic similarities between pea and maize (including the stabilization of cytoplasmic pH near neutrality following the onset of hypoxia, the rapid rise and subsequent slow decrease in the rate of ethanol production, and the decrease in cytoplasmic pH concomitant with an increase in vacuolar pH) are clearest early in hypoxia.
These observations suggest that there is a common mechanism responsible for meristem death-cytoplasmic acidosis, which occurs earlier in pea than in maize and may, therefore, explain the greater sensitivity of pea to flooding. We should point out that some plant species may survive hypoxia, even after apical meristem death, by initiating new adventitious and/or lateral roots (30) . Species differences in this response may also contribute to species differences in flooding tolerance.
Possible Mechanism Responsible for the Decrease in pH Gradient Between Cytoplasm and Vacuole in Hypoxic Root Tips. The inability of both maize and pea root tips to indefinitely maintain the pH gradient between cytoplasm and vacuole during hypoxia (Figs. 1 and 3 ) is in marked contrast to the capacity of maize root tips under aerobic conditions. Under normoxia, maize root tips possess apparently active mechanisms that serve to maintain cytoplasmic and vacuolar pH values of -7.3 and -5.6, respectively (19) . One important active process responsible for intracellular pH regulation could be He-transport from cytoplasm to vacuole catalysed by a H+-ATPase located on the vacuolar membrane (e.g., see refs. 31 and 32). The Gibbs free energy available from hydrolysis of ATP in hypoxic root tips, determined in vivo using 31P NMR, is >2.5 kcal/mol less than that in normoxic root tips (unpublished observations). We speculate that this lowered free energy for hydrolysis of ATP is insufficient to maintain the proton gradient across the tonoplast. If so, the rate of acidification of the cytoplasm during hypoxia would be determined by the permeability of the tonoplast to protons. It would appear that the tonoplast in pea cells is more permeable to protons than that in maize cells. This would explain why acidification of the cytoplasm occurs earlier in hypoxic pea root tips than it does in maize ( Figs. 1 and  3) .
Possible Mechanisms by Which Cytoplasmic Acidosis Induces Meristematic Death. Assuming that cytoplasmic acidosis is a critical link between inhibition of oxidative phosphorylation and meristem death, the question arises: How does cytoplasmic acidosis kill root tips? We have previously considered that cytoplasmic acidosis in hypoxic tissues could lead to a loss of viability because of inhibition of energy production from glycolysis by low pH (11) . Such a view was supported by reports showing inhibition of phosphofructokinase, a key regulatory enzyme of glycolysis, by low pH in vitro (33) (34) (35) . The results presented in this paper clearly show that glycolytic flux (i.e., the rate of ethanol production) is not decreased when cytoplasmic pH is severely decreased (Fig. 2) . Moreover, cytoplasmic pH does not change very much during the period over which the rate of ethanol production is decreasing most dramatically (4-10 hr after the onset of hypoxia), indicating that cytoplasmic pH is not a primary determinant of glycolytic flux in vivo, at least after the first hour of hypoxia. This absence of significant coupling between glycolytic flux and tissue viability under hypoxia indicates that some other process-which is stimulated by cytoplasmic acidosis-leads to death.
One possibility is simply that intracellular compartmentation is destroyed by low pH. Another possibility is that cytoplasmic acidosis leads to an increase in the rate of ATP hydrolysis, perhaps through activation of acid phosphatases, which are abundant in plant cells (39, 40 Fig. 1 , and the sample perfused with C02-bubbled medium in Fig. 2 ) root tip death did not occur, according to our operational definition, until some 5 hr later ( Figs. 1  and 2 ). Furthermore, in samples in which cytoplasmic acidosis occurred much more slowly and was less extreme, viability of root tips was eventually lost (Figs. 1 and 2) . Thus, it cannot be cytoplasmic pH per se that determines meristem viability; there is an additional requirement for time for the deleterious process(es) induced by low pH to occur and injure the root tip cells. The rate of this deleterious process is faster at lower pH (Fig. 2) . And so, the survival of the hypoxic root tip is determined by the integral of pH over time.
CONCLUSIONS
We have shown that severe cytoplasmic acidosis caused by CO2 results in earlier death in hypoxic maize root tips (Fig.   2) . We have also shown that cytoplasmic acidosis does occur in hypoxic root tips of maize (Figs. 1 and 2) and pea (Fig. 3) . The evidence that cytoplasmic acidosis is a critical factor determining the viability of hypoxic root tips is correlative: cytoplasmic acidosis (and leakage of acid from vacuoles) begins before root tip viability is lost-that is, at a time when it could plausibly be responsible for death. Further correlative evidence is that cytoplasmic acidosis (and leakage of acid from vacuoles) occurs earlier during hypoxia in peas than in maize; hypoxic pea root tips die more quickly than hypoxic maize root tips.
From the results presented here and in our previous report (11) , it appears that the following sequence of events occurs in root meristems of higher plants when they are subjected to extreme hypoxia. Immediately after oxidative phosphorylation ceases, lactic acid production begins. The lactic fermentation is transient, as cytoplasmic acidification results in stimulation of ethanol production, with concomitant inhibition of lactic acid production (11) . In this way, energy production proceeds, without cytoplasmic acidosis, during several hours of hypoxia. However, cytoplasmic acidosis, and so death, do occur eventually because of leakage of acid from the acidic vacuoles present in every cell.
The results presented here suggest to us three particular kinds of experimental approach that may prove useful in defining the link between cytoplasmic acidosis and meristem death under hypoxia. First, by using external CO2 in the hypoxic medium, it should be possible to hold cytoplasmic pH constant for many hours and so determine with some precision the pH curve for viability in hypoxia. These experiments would help evaluate the possible link between death and the free energy available from hydrolysis of ATP, which was discussed above. Second, ultrastructural studies using electron microscopy should give further information on the leakage of vacuolar contents into the cytoplasm: Are all the vacuoles leaking slowly at approximately equal rates, or are individual vacuoles bursting during hypoxia? Third, an attempt to investigate whether there is differential permeability of vacuoles from maize and peas in vitro seems warranted, particularly in light of recent advances in methods for measuring proton gradients in plant membrane vesicles (36) (37) (38) .
